We report on the growth of thin layers of Fe 3 O 4 on GaAs and InAs by pulsed laser deposition. It is found that Fe 3 O 4 grows epitaxially on InAs at a temperature of 350°C. X-ray photoelecton spectroscopy ͑XPS͒ studies of the interface show little if any interface reaction resulting in a clean epitaxial interface. In contrast, Fe 3 O 4 grows in columnar fashion on GaAs, oriented with respect to the growth direction but with random orientation in the plane of the substrate. In this case XPS analysis showed much more evidence of interface reactions, which may contribute to the random-in-plane growth.
I. INTRODUCTION
Half metals are magnetically oriented compounds for which the electrons of one spin orientation have metal-like energy bands, whereas electrons of the opposite spin encounter an energy gap about the Fermi energy. To date, the canonical identification of half metals has relied on electronic structure calculations which have produced a handful of such compounds, the Heusler alloy NiMnSb being the first material to be designated a ''half metal. ' Since half metals, by definition, have electrons of only one spin state present at the Fermi energy, they are logical candidates for use as spin injectors. Experimental verification of half-metallicity, i.e., 100% spin polarization of the conduction electrons, has proven more intractable. The measurement techniques available are spin-polarized photoemission, transport measurements ͑uti-lizing point contacts or tunnel junctions between two spinpolarized materials͒, or Andreev reflection between the candidate half metal and a superconductor. Typical experimental results reported for theoretically identified half metals range from 60% to 100%. 3, [5] [6] [7] For example, Fe 3 O 4 exhibits a point contact polarization of 84%. 8 To put this in perspective, the canonical conduction electron spin-polarization result for the common transition-metal ferromagnets Fe, Co, and Ni are around 40%. 5 For use as a spin injector, the growth of Fe 3 O 4 on semiconductor materials will need to be studied. Most studies of Fe 3 O 4 thin films involve growth on MgO substrates because the two materials share a similar lattice constant.
9-14 Fe 3 O 4 has also been grown on Si͑001͒ and GaAs͑001͒. 15 In this work we report on the growth of Fe 3 O 4 via pulsed laser deposition ͑PLD͒ on GaAs͑001͒ and InAs͑001͒ substrates. The nature of the Fe 3 O 4 thin film growth is studied via reflection high energy electron diffraction ͑RHEED͒ and x-ray photoelectron spectroscopy ͑XPS͒.
II. EXPERIMENT
Two substrates were prepared for deposition of Fe 3 O 4 : epitaxially grown p-type InAs on an InAs ͑001͒ substrate and p-type GaAs on a GaAs ͑001͒ substrate. The samples were grown in a Perkin-Elmer model 430 molecular beam epitaxial ͑MBE͒ system by traditional III-V MBE techniques. Gallium and indium were evaporated from Knudsen cells and arsenic was sublimated from a cracking effusion cell to create As 2 dimers for growth. In each case 1 m of epitaxial material was grown. The InAs substrate was kept at approximately 450°C during growth, whereas the GaAs substrate was kept at approximately 600°C. The crystallinity and surface reconstructions of the materials during growth were monitored by RHEED.
After growth the samples were transferred in vacuum to a separate chamber for XPS analysis. The samples were examined in a Perkin-Elmer model 5800 XPS system utilizing an hemispherical energy analyzer and a 16 channel electron multiplier detector. All spectra were obtained using a monochromated Al anode x-ray source operating at 14 kV and 350 W and the samples were held such that photoelectrons had a 45°takeoff angle to the detector.
Samples then were transferred in vacuum to a third chamber equipped with an apparatus for performing PLD. Fe 3 O 4 was deposited by impinging light from a frequency tripled ͑355 nm͒ Nd:yttrium-aluminum-garnet laser onto a formed iron oxide target in vacuum. Pulses of 5 ns duration and energy of approximately 100 mJ/pulse at a repetition rate of 10 Hz were used for the deposition. The source to substrate distance was kept at about 11 cm. The stoichiometry of the target was Fe 2 O 3 instead of Fe 3 O 4 , and no background oxygen flux was used during the deposition. For films deposited under these conditions, the oxygen to iron ratio was 1.3 as determined by the ratio of the XPS spectral weight of the O 1s and Fe 3p peaks normalized by their atomic sensitivity factors.
It was found that above about 400°C the InAs samples would undergo a change in reconstruction to an indium stabilized surface if no arsenic flux was present. Since the chamber in which the Fe 3 O 4 was grown had no arsenic a͒ Electronic mail: tcm@ssdp.caltech.edu source, the substrate temperature was kept at 350°C to ensure a repeatable, arsenic stabilized surface. While the GaAs samples could have been heated more while maintaining thier surface reconstruction, the same Fe 3 O 4 growth temperature was used so that the interface reactions and the nature of the Fe 3 O 4 growth could be compared under the same conditions.
The thicknesses of the Fe 3 O 4 films were measured ex situ by x-ray reflectivity and ellipsometry. These measurements suggested a growth rate of 0.3 Å/s for the growth conditions described above.
III. RESULTS

A. Gallium arsenide
Growth of Fe 3 O 4 on GaAs resulted in a dim but streaky RHEED pattern that did not change as the substrate was rotated ͑see Fig. 1͒ . As the laser ablation began, the arsenicstabilized c(4ϫ4) reconstruction of the GaAs quickly gave way to a dim amorphous background. After several minutes of growth, faint, wide streaks began to appear. Kennedy and Stampe 15 reported that Fe 3 O 4 grows on silicon and GaAs in columnar fashion with the growth direction being parallel to the ͗111͘ direction of the cubic Fe 3 O 4 structure and the inplane orientation being completely random. This is consistent with our observation of a stationary RHEED pattern. Figure 2 shows XPS spectra of the epitaxially grown GaAs surface, an Fe 3 O 4 surface after several hundred angstroms of growth and the surface after about 50 Å of Fe 3 O 4 growth. Figure 3 shows details of the Ga 3d and As 3d regions before and after 50 Å of Fe 3 O 4 growth. It can be seen that after Fe 3 O 4 growth, features have appeared on either side of the bulk GaAs peak. There is a strong peak at lower binding energy consistent with the formation of Ga-Fe bonds 16 and a higher binding energy peak that is probably due to the O 2s peak of the Fe 3 O 4 spectrum ͓Fig. 2͑c͒ shows where this peak is located relative to the rest of the spectrum͔. There is also added spectral weight on the high binding energy shoulder of the substrate peak most likely due to formation of gallium oxides. Compared to the Ga 3d spectrum, the As 3d spectrum shows only a slight change after growth of Fe 3 O 4 . However the peak at higher binding energy is consistent with the formation of either As 2 O 3 or As 2 O 5 . 17 The broadening of the substrate As 3d peak is too slight to draw any conclusions about other types of arsenic bonding.
While it is difficult to quantify what species have been created, it is clear that reactions have taken place at the interface involving all four constituent elements: gallium, arsenic, iron, and oxygen. This is probably what causes the RHEED to show an amorphous background as the growth is initiated. However it seems that at the growth temperature it is favorable for the Fe 3 O 4 to crystallize rather than remain amorphous so the growth proceeds in a polycrystalline phase. The reason for the preferential orientation is less clear. Perhaps ͗111͘ oriented crystallites are the most likely because the ͗111͘ direction has the highest areal atomic density in the Fe 3 O 4 spinel crystal structure, thus having the highest probability of satisfying the completely random distribution of dangling bonds coming from the amorphous surface. However there is no preference for orientation in the plane of the substrate. The RHEED pattern shows streaks instead of rings as in randomly oriented polycrystalline material because only the periodicity of the ͕111͖ surface will be visible. However since the crystallites are oriented randomly in the plane of the substrate and are most likely small compared to the RHEED spot size there is complete azimuthal symmetry so the RHEED pattern does not change with substrate rotation.
B. Indium arsenide
In stark contrast to the GaAs case, Fe 3 This lack of a significant interfacial layer, in addition to the fact that GaAs does not have the same lattice match with Fe 3 O 4 as discussed above for InAs, probably contributes to the difference in crystallinity of the Fe 3 O 4 layers between the GaAs and InAs cases.
IV. CONCLUSION
The nature of the growth of Fe 3 O 4 on GaAs and InAs has been studied. On GaAs, Fe 3 O 4 growth is polycrystalline but oriented. All the crystallites orient themselves such that ͕111͖ planes are parallel to the substrate. The interface between the two is probably amorphous due to interface reactions with the Fe 3 O 4 involving both gallium and arsenic. On InAs, Fe 3 O 4 growth is single crystalline with a ͗110͘ direction parallel to the growth direction and the Fe 3 O 4 ͓1 10͔ direction parallel to the InAs ͓110͔. The interface between the two materials shows considerably less reactivity than in the GaAs case.
